This work presents an intercomparison exercise between two geochemical migration codes, TRIO-EF (an object-oriented finite element code) and IMPACT (a chemical engineering code using mixing cells in series). The predictions of the two codes are compared with the reference experimental results obtained in a previous study of strontium transport in soil columns. This simulated geochemical system is well documented and includes ion exchange and dissolution-precipitation reactions. The solution transport is simulated by a one-dimensional advection-dispersion model. The predictions of TRIO-EF and IMPACT are both in good agreement with the experimental results. However, slight differences can be observed between the two codes, especially when concentration discontinuities are involved, such as precipitation fronts or changes in boundary conditions. These discrepancies between the two codes can mainly be attributed to the different discretisation approaches. © 1997 Elsevier Science B.V.
Introduction
The performance assessment of nuclear waste disposal requires in particular quantitative predictions of the radioelement migration through the geological environment. The standard K d partition coefficient approach, used to account for reversible sorption or ion-exchange reactions of species at low concentrations, is not sufficient when the chemical conditions vary during transport (dissolution-precipitation, pH fronts, etc.) as in many natural systems. Migration codes which include a more detailed description of the chemical processes occurring during transport have been developed in order to overcome this limitation. An important stage of this development work consists in evaluating the reliability of the codes. This can be achieved by the comparison of experimental data with the code predictions.
The aim of this work is to compare, on the basis of dedicated migration experiments, the predictions of two coupled transport-chemistry codes, TRIO-EF and IMPACT, which solve migration problems with different numerical methods. The reference migration experiments used in this exercise (Lefrvre et al., 1993) display multiple physico-chemical phenomena (ion exchange, complexation and precipitation) for a well-documented chemical system. This previous work also included the IMPACT computations of the results. In the first part of the present paper, the experimental results are recalled and a summary of the conceptual model is given. Then, a description of the TRIO-EF and IMPACT codes is made. The predictions of the two codes for the reference experiments are then compared and discussed.
Reference experiments and conceptual models

Experiments
The intercomparison exercise is based on the experimental results on strontium migration which were discussed in a previous paper (Lef~vre et al., 1993) . Two reference experiments are considered in this paper: the SOLEX experiment which involves both the ion exchange phenomena and the dissolution-precipitation reactions, and the IONEX experiment in which operating conditions exclude the dissolution-pre- or a CaC12 solution (IONEX), a definite volume of an SrC12 solution is injected. Then, the composition of the feeding solution is changed in order to elute the fixed and/or precipitated strontium. Table 2 reports, for the two reference experiments, the measurements of the dissolved concentrations of Sr and Ca at the outlet of the column. The relative uncertainty regarding the experimental results is estimated to be less than 5% except at the tail of the elution peak (< 10%). There are no experimental data on the spatial distribution of the chemical elements in the column. 5.27× 10 6 4.66x 10 -3 8.58
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Chemical model
Calcite dissolution, strontianite precipitation or dissolution and Ca2+/Sr 2+ cationic exchange on clays have been identified as the main reactions governing the strontium transport in the soil columns. In addition to these solid-solution interactions, the chemical model used in this work also includes both carbonic acid equilibria and water dissociation. Solutes of Ca and Sr are injected as chloride salts and C1-is considered to be a non-reactive species. Aqueous complexes of Ca ++ or Sr ++ with HCO 3, CO 3 are not taken into account in this model and we verified that they were negligible as compared with free Ca ++ and free HCO 3. Feeding solutions are in thermodynamic equilibrium with the atmospheric CO 2 before injection. However, there is no longer equilibration with the atmospheric CO 2 in the saturated porous medium. Phases are considered to be in a local thermodynamic equilibrium at a constant temperature (298 K). The speciation model is summarised in Table 3 .
Transport model
The transport model is based on the assumptions that the fluid flow is steady and one-dimensional (U is the pore velocity of the fluid (m s -1) corresponding to a fluid flow of 1 mlmin-1). The diffusion-dispersion factor, D (m 2 s-1), is constant. The Peclet number of the fluid flow,
where L is the column length, is large ( ~ 200) . This means that the transport of aqueous species is dominantly advective. The pore volume, Vp, and the Peclet number of the column, Pe, were determined experimentally by non-reactive tracer injections (Lef'evre et al., 1993) . Table 4 summarises the main hydrodynamic parameters adopted for the computations.
The TRIO-EF and IMPACT migration codes
Both codes were run on an IBM RS6000 station with an AIX 3.2.5 operating system.
TRIO-EF
TRIO-EF is an object-oriented finite element code which is being developed at the CEA for the numerical modelling of thermohydraulic phenomena, atmospheric dispersion and hydrogeology. It is possible to simulate a stationary or transient fluid flow in one-, two-or three-dimensional space domains. Recent evolution of TRIO-EF in the field of earth sciences includes the development of an algorithm coupling solute transport by diffusion or advection with chemical transformations (Chupeau, 1991; Abdennour-Pfiffer, 1994) . The user draws up his own instruction set and may include, if necessary, coupling with the evolution of temperature or permeability fields during the transport-chemistry calculations. The coefficient D is directly used as the dispersion operator in the transport equation. The chemical module used in TRIO-EF is derived from the geochemical code MINEQL (Westall et al., 1976; Schweingruber, 1984) . At present, this equilibrium chemical model is able to take into account, in addition to the solution complexation and the dissolution-precipitation reactions, the sorption and ion exchange phenomena. The temperature dependence of equilibrium constants may be taken into account for space or time-dependent temperature fields. The ionic strength dependence of solute activity coefficients is described by the Davies approximation (Morel and Hering, 1993) . The migration equations are solved by a two-step algorithm (Yeh and Tripathi, 1989; Abdennour-Pfiffer, 1994) , in which the equations describing both transport and chemical speciation are solved iteratively between time step p-1 and time step p. At present, the reaction kinetics are not included in the model.
For the TRIO-EF calculations presented in this work, the maximal permitted values for dx (dx=0.6mm) and dt (dt=8s) imposed by U and D (Courant criterion: U.dt/dx < 1; Fourier criterion: D.dt/(dx) 2 < 1) were found to be inadequate to describe steep reaction fronts, such as those occurring at the head of the column. The predicted Sr distribution was found to be sensitive to the discretisation parameters although dt and dx remained in the limits imposed by the Fourier and Courant criteria.
Finite element discretisation, especially in the case of narrow concentration pulses which are in rapid advective motion, requires thus more restrictive limits on dt and dx. More satisfactory results were obtained by discretising the column in 234 elements of equal length (dx --0.5 ram) with a lower and constant time step (dt = 3 s). An alternative but more complex discretisation scheme to this simple setting of dx and dt would have consisted in using a variable time and space discretisation. The boundary condition describing the input solution was applied to the first node of the column.
IMPACT
The IMPACT code is especially adapted for describing the transient transport of chemicals for various flow patterns with arbitrary chemical interactions. The description of chemical interactions is based on the concept of "phenomenological mechanisms" (Schweich et al., 1988) . A phenomenological mechanism is composed of a set of stoichiometric relations, so-called elementary interactions, and the associated mass action laws assuming the phases are ideal. A simple activity correction is possible for ionic species in the aqueous phase only. The activity coefficient is calculated with the Giintelberg approximation (Cederberg et al., 1985) . The basic assumptions include either an instantaneous local equilibrium, or mass transfer kinetic limitations, a steady flow, a constant temperature, a fixed pressure and a pore geometry.
IMPACT employs a model of mixing cells in series (MC model) to describe the flow in the column experiments. The dispersion process is represented by the model of mixing cells in series. The number of mixing cells, J, is directly linked to Pe by the relation (Villermaux, 1982) :
This model is an alternative to the standard continuous approach for modelling the one-dimensional advective-dispersive flow where the porous medium is represented by a continuous medium and dispersion is assumed to obey Fick's law with an appropriate dispersion coefficient. An adapted Newton-Raphson procedure is used to solve the algebraic equations obtained from the equilibrium calculation. The integration of differential mass balance equations is performed with the help of a predictor-corrector method with variable integration steps using the equilibrium constraints. In a new version of the code, it is possible to consider the chemical or physical kinetic limitations. The discrete MC model can be readily generalised to more complex stationary flow patterns, by using the ideal stirred reactor (mixing cell of uniform composition) as the basic element of a complex flow network (Jauzein et al., 1989) .
As shown by Eq. (1) and Eq. (2), the number of mixing cells is directly linked to the dispersion coefficient and is determined to be J = 100 for the simulations presented in this work. Therefore, each cell represents a 1.17 mm column section. The time step is variable during computation, ranging from 0.1 s to about 30 s. In particular, time steps decrease strongly during the simulation stage where the dissolution of SrCO3s occurs (SOLEX experiment).
Comparison and discussion of the TRIO-EF and IMPACT predictions
SOLEX experiment (ion exchange and dissolution-precipitation)
Computation of this experiment shows that the initial injection of SrCI 2 leads to the formation of SrCO3s at the head of the column. The subsequent injection of CaCI 2 induces the dissolution of the SrCO3s precipitate and generates a strong Sr pulse which migrates through the column (Table 4 and Lef~vre et al., 1993) . The evolution of the Sr concentration at the column outlet is represented as a function of the outflowing volume (equivalent to time) in Fig. l(a) . The TRIO-EF and IMPACT computations are in fair agreement with the experimental data. However, small differences between the TRIO-EF and IMPACT curves can be noted: (i) the maximum Sr concentration is observed slightly earlier with TRIO-EF, (ii) the maximum Sr concentration is 10% less in TRIO-EF's prediction than for IMPACT, and (iii) the Sr distribution is more spread out in time for TRIO-EF. In both cases, however, the ratio of the Sr breakthrough to the injected St, when the injected volume equals 8 times the porous volume Vp, is between 0.999 and 1. At the outlet of the column, the predicted evolutions of C1-concentration as a function of the injected volume are in very good agreement (Fig. lib)) . The difference in pH curves after 3Vp (Fig. lib)) originates from the different treatment of activity coefficients of charged species in the IMPACT (no ionic strength correction) and TRIO-EF runs (Davies approximation for the activity coefficients). A rough correction made on the IMPACT simulation results accounted correctly for this pH gap. The simulations by the two codes for the distribution of the chemical species at the head of the column (first mixing cell for IMPACT, second node for TRIO-EF) as a function of delivered volume are also in good agreement (Fig. 2(a,b) ): SrCO3s precipitates at the head of the column during the initial injection (see Table 1 ) and dissolves at the eluant change at 2Vp. The differences in produced SrCO3~ quantity and the time at which the precipitation starts are due to the difference in spatial discretisation in the two codes. According to the discretisation schemes adopted for the TRIO-EF and IMPACT simulations, the heads of the columns do not have equivalent "positions" and "volumes" in the two computations. Thus SrCO3~ precipitates later in the IMPACT run and with a lower precipitation rate. This time difference is also observed on the sorbed Ca and Sr evolutions in Fig. 2(a) . The distribution between sorbed and precipitated strontium is therefore not exactly the same in the two simulations. Similarly, the redissolution of SrCO3~ after 2Vp leads to the same time difference for the Sr desorption. Nevertheless, the predictions of final Sr breakthrough (Fig. 1) are close. Fig.  3 compares the spatial distribution of the chemical species in the column at a time corresponding to the injection of 2.23 Vp of feeding solution, i.e. just after the dissolution of SrCO3~. At this stage, the Sr ++ pulses are in very good agreement. At the final breakthrough ( Fig. l(a) ), larger differences between the two predictions for Sr ++ are observed, probably originating from a slight numerical dispersion effect in TRIO-EF.
IONEX experiment (ion exchange--no precipitation)
In this experiment, there is no precipitation of SrCO3s and the retardation of Sr migration is only due to ion exchange phenomena ( Table 1 ). The TRIO-EF and IMPACT predictions for the Sr elution are in very good agreement with the experimental data (Fig. 4(a) ). Slight differences can however be noted: (i) the rise of the elution peak is about 0.05 Vp earlier for TRIO-EF, and (ii) the maximum Sr + + eluted concentration is about 1% less in the TRIO-EF prediction. Fig. 4(b) , which compares the TRIO-EF and IMPACT predictions for the spatial Sr + + distribution after the injection of 3Vp of solution, confirms the excellent agreement between both codes.
Conclusion
This migration code intercomparison exercise involved two codes which follow different approaches for modelling both solute transport and coupling of transport with chemical transformations. The agreement between these two codes, IMPACT and TRIO-EF, for the modelling of one-dimensional migration phenomena involving ion exchange, dissolution-precipitation and complexation reactions is nevertheless good. Both codes make predictions that are compatible with experimental data. Differences in the code predictions are often related to differences in the discretisation schemes. However, although the comparison of predictions for the migration of strongly reactive elements like Sr is fair (SOLEX experiment) or excellent (IONEX experiment), this exercise requires further numerical tests in order to clarify the origin of the slight discrepancies which are still unexplained. In particular, it would be interesting to evaluate the influence of the algorithm coupling transport and chemistry on the observed differences. Further intercomparison exercises are being prepared in relation to the experimental work on more complex chemical systems involving the migration of Cs and Np(V) typically.
